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Abstract 
The effect of quench rate and Zr content on nanostructure and magnetic properties of melt-spun 
ZrxCo100−x (x = 16–21) is investigated. High quench rate favors the formation of rhombohedral Zr2Co11, 
which is the hard phase. The coercivity increases with an increase in quench rate. Zr addition in 
limited amounts decreases the grain size of magnetic phases, which may promote the effective ex-
change coupling of soft magnetic phases. Therefore, coercivity and maximum energy product of 
Zr2Co11-based materials are significantly enhanced. The best magnetic properties, iHc = 3.0 kOe and 
(BH)max = 4.6 MG Oe, which are the highest reported values among Co–Zr binary alloys, are achieved 
for x = 18. The temperature coefficients of coercivity and remanence between 100 and 380 K are 
−0.05% K−1, comparable to those of alnico magnet. 
 
1. Introduction 
 
Zr2Co11-based alloys are promising candidates for developing a rare-earth-free permanent-
magnet material due to high uniaxial anisotropy (11 Merg cm−3) and Curie temperature 
(500°C).[1,2] Their magnetic properties are superior to those of sintered ferrite. The stoichi-
ometry can be denoted as ZrCo5.5−y where y typically is 0.4.[3] Depending on the preparation 
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process, the crystal structure of Zr2Co11 may be pseudohexagonal, rhombohedral, or ortho-
rhombic.[4–6] Until now, the structure that leads to hard magnetism is under dispute. Re-
cently, most work was focused on optimizing nanostructure and improving the magnetic 
properties of Zr2Co11-based alloys.[7–9] The phase component of the Zr–Co alloy was found 
to be strongly dependent on Zr content.[3] However, how Zr addition affects nanostructure 
and magnetic properties of the nanocrystalline Zr–Co alloy is unclear. It is known that melt 
spinning is a good way to fabricate metastable phases and develop fine nanostructure be-
cause of its very high quench rate. In this paper, we study how wheel speed and Zr content 
affect nanostructure and magnetic properties of melt-spun Zr–Co alloys. The experimental 
results show that hard magnetism arises from the rhombohedral Zr2Co11. Its volume frac-
tion is closely related to the wheel speed and Zr content. High wheel speed helps one to 
form rhombohedral Zr2Co11. Proper Zr addition optimizes the nanostructure of melt-spun 
Zr–Co alloys, and this leads to enhancement of coercivity and energy product. The opti-
mum magnetic properties were obtained for x = 18. 
 
2. Experimental methods 
 
Ingots of ZrxCo100−x (x = 16, 17, 18, 19, 21) were arc melted from high-purity elements in an 
argon atmosphere. The ribbons were made by ejecting molten alloys in a quartz tube onto 
the surface of a copper wheel with speeds from 5 to 60 m s−1. The process parameters such 
as ejection pressure, diameter of the quartz tube hole, melting time, and distance between 
quartz tube and the surface of copper wheel were optimized for obtaining high-quality 
ribbons. The ribbons are about 2 mm wide and 50 μm thick. The phase components were 
examined by Rigaku D/Max-B x-ray diffraction (XRD) with Cu Kα radiation. The 
nanostructure was observed by JEOL 2010 transmission electron microscope (TEM). The 
hysteresis loops were measured by a superconducting quantum interference device 
(SQUID) magnetometer at fields up to 7 T. The phase components were estimated by ther-
momagnetic measurements using a physical property measurement system (PPMS) at 
temperatures up to 1000 K. The phase components for ZrxCo100−x (x = 16, 18, 21) at 45 m s−1 
are listed in table 1. The applied field is parallel to the long direction of the ribbon. 
 
Table 1. Phase component of ZrxCo100−x (x = 16, 18, 21) at 45 m s−1 
ZrxCo100−x Co (vol%) Zr2Co11 (vol%) Zr6Co23 (vol%) 
16 7 89.6 3.4 
18 4.6 90.4 5 
21 1.5 86 12.5 
 
3. Results and discussion 
 
Figure 1(a) shows XRD patterns of ZrxCo100−x (x = 16, 18, and 21) at 25 m s−1. The diffraction 
peaks of all the samples are indexed to the rhombohedral Zr2Co11, orthorhombic Zr2Co11, 
fcc Co, and cubic Zr6Co23 phases in good agreement with the results of thermomagnetic 
measurement. The relative intensity of the main diffraction peak for orthorhombic Zr2Co11 
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and Co decreases with increasing x. This indicates that the content of Co and orthorhombic 
Zr2Co11 decrease with x. It is supposed that the volume fraction of rhombohedral Zr2Co11 
increases with x. For x > 18, the volume fraction of Zr6Co23 increases with x. This may lead 
to the reduction of the content of rhombohedral Zr2Co11. The largest amount of rhombohe-
dral Zr2Co11 may be achieved for x = 18. Figure 1(b) shows XRD patterns of x = 16 at 15, 25, 
and 45 m s−1. It is evident that the relative intensity of the diffraction peak for the rhombo-
hedral Zr2Co11 in x = 16 increases with the increase in the wheel speed, indicating the higher 
volume fraction of this phase. In addition, according to the Scherrer equation, the esti-
mated mean grain size of Zr2Co11 decreases from 60 nm for 15 m s−1 to 30 nm for 45 m s−1. 
These results indicate that higher wheel speed leads to a finer grain size of the magnetic 
phases. 
 
 
 
Figure 1. XRD patterns of ZrxCo100−x ribbons (a) x = 16, 18, 21 at 25 m s−1 and (b) x = 16 at 
15 m s−1, 25 m s−1, 45 m s−1. 
 
Figures 2(a)–(c) show typical TEM images of the ZrxCo100−x (x = 16, 18, 21) ribbons with 
wheel rotating speed of 45 m s−1. The grain size distribution (see figs. 2(d)–(f )) shows the 
mean grain size of the soft phase for x = 16, 18, and 21 are 90 nm, 60 nm, and 75 nm, re-
spectively. The average grain size of the hard phase for x = 16, 18 and 21 are 210 nm, 140 
nm and 180 nm, respectively. This indicates that proper Zr addition refines the grain size 
of the soft phase. Excessive Zr addition coarsens the grain size. Figures 2(g)–(i) show 
selected-area electron diffraction (SAED) patterns of the TEM specimen from the ribbons 
(x = 18). Figure 2(g) shows the SAED pattern of the rhombohedral Zr2Co11 phase with the 
zone axis [1 1 0]. The basic reflections (0 0 3) and (3−3 0) are labeled in the SAED pattern. 
Figure 2(h) shows the SAED pattern of the orthorhombic Zr2Co11 phase with the zone axis 
[0 1 0]. The reflections (0 0 3 0) and (2 0 0) are labeled in the SAED pattern. As shown in 
table 2, two sets of lattice parameters were reported.[5,6] Figure 2(e) was indexed according 
to the lattice parameters reported by Demczyk and Cheng.[6] Figure 2(i) shows the cubic 
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Zr6Co23 phase with a zone axis of [0 0 1]. The electron diffraction analysis is in good agree-
ment with the XRD results discussed above. The identification of the above phases verifies 
the XRD results. 
 
 
 
Figure 2. TEM images of ZrxCo100−x ribbons (a) x = 16 at 45 m s−1, (b) x = 18 at 45 m s−1, (c) x 
= 21 at 45 m s−1, grain size statistical distribution of (d) x = 16 at 45 m s−1, (e) x = 18 at 45 m 
s−1, (f) x = 21 at 45 m s−1, and (g), (h), (i) typical SAED patterns of x = 18 at 45 m s−1. 
 
Table 2. Crystallographic data of the Zr2Co11 and Zr6Co23 phases 
Phase Composition Lattice (nm) References 
HT metastable Zr2Co11 Rhombohedral a = 0.476 b = 2.420 [5] 
LT metastable Zr2Co11 Orthorhombic a = 0.471 b = 1.670 c = 2.420 
Orthorhombic a = 0.480 b = 0.820 c = 3.600 
[5, 6] 
Equilibrium Zr6Co23 Cubic a = 1.152  [12] 
Note: HT is high temperature, LT is low temperature. 
 
Figures 3(a)–(c) show typical hysteresis loops of ZrxCo100−x with different wheel speeds, 
various Zr Content and deduced magnetic property dependence on x, respectively. The 
saturation magnetization of x = 16 is almost unchanged with the increase in the wheel 
speed. The coercivity increases from 0.6 kOe at 15 m s−1 to 1.7 kOe at 45 m s−1 most likely 
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due to the finer grain size of magnetic phases and the higher volume fraction of the rhom-
bohedral Zr2Co11. The demagnetization curves for ZrxCo100−x (x = 16, 18, 21) at 45 m s−1 show 
a single hard magnetic phase behavior, indicating the existence of strong interphase ex-
change coupling. The saturation field of all the ribbons is about 35 kOe and unrelated to 
Zr content. The saturation magnetization decreases with x possibly due to the increase in 
Zr6Co23 content with a low magnetization. Proper Zr addition leads to a significant increase 
in remanence ratio and coercivity. This is attributed to the grain size refinement of mag-
netic phases and the increase in the hard phase content (see fig. 2 and table 1), which pro-
mote the effective exchange coupling of the soft phase. Excessive Zr addition may decrease 
the content of rhombohedral Zr2Co11, which lowers the remanence and worsens the 
squareness (SQ) of the demagnetization curves. Therefore, the maximum energy product 
decreases with x. The best maximum energy product, which is twice larger than reported 
value among binary Zr–Co alloys, was attained for x = 18. It was reported that the satura-
tion magnetization of Zr2Co11-based alloys increases linearly when cobalt is replaced by 
iron.[2] Thus, the magnetic properties of the x = 18 may be further improved by adding Fe 
or decreasing the grain size of soft magnetic phases to the order of the domain-wall thick-
ness. 
 
 
 
Figure 3. Room-temperature hysteresis loops of ZrxCo100−x ribbons (a) x = 16 at 15, 25, and 
45 m s−1, (b) x = 16, 18, and 21 at 45 m s−1, and (c) deduced magnetic properties. 
 
Figure 4 shows demagnetization curves at various temperatures of x = 18. The temper-
ature coefficients of remanence α and coercivity β are defined as α = {[Mr(T0) − Mr(T1)]/ 
[Mr(T0) × (T0 − T1)]} × 100%; β = {[iHc(T0)−iHc(T1)]/[iHc(T0) × (T0 − T1)]} × 100%, where 150 ≤ T1 
≤ 380 K and T0 = 100 K. α and β values of the sample are the same, −0.05% K−1, which is 
Z H A N G  E T  A L . ,  J O U R N A L  O F  P H Y S I C S  D:  A P P L I E D  P H Y S I C S  4 6  (2 0 1 3 )  
6 
close to that of alnico magnet. The SQ of the demagnetization curves can be defined as the 
ratio of |H(M/Mr = 90%)/Hc|. The value of SQ at 100 K and 380 K is 0.42 and 0.41, respec-
tively. They are almost unchanged with the increase in temperature, as shown in the lower 
right inset. This reflects that the exchange correlation length (ECL) among magnetic phases 
is almost unchanged down to 100 K. Generally, ECL corresponds to the domain wall width 
of the hard magnetic phase, 2π(A/K)1/2, where A and K are the exchange constant and the 
magnetocrystalline anisotropy parameter of the hard magnetic phase, respectively.[10] 
Therefore, it is concluded that K slightly changes with the decrease in temperature. K can 
be estimated by fitting the high-field magnetization measurements to the following expres-
sion:[11] 
M(H) = Ms[1 − A/H2] + χH (1) 
A = 4K2/15M2s, (2) 
where Ms is the spontaneous magnetization, χ is the high-field susceptibility and K is mag-
netocrystalline anisotropy constant. The results obtained from the best fit are shown in the 
upper left inset. The K values at 100 K and 380 K are 14 Mergs cm−3 and 11 Mergs cm−3, 
respectively, in good agreement with the previous deduction that K slightly changes with 
the decrease in temperature. 
 
 
 
Figure 4. Hysteresis loops at various temperature of ZrxCo100−x ribbons (x = 18) at 25 m s−1. 
 
4. Conclusions 
 
In summary, structure-property relationships of melt-spun Zr2Co11-based materials have 
been analyzed. The hard magnetism results from the rhombohedral Zr2Co11 phase. Its vol-
ume fraction may be tuned by varying the wheel speed or Zr content. Increasing wheel 
speed promotes the formation of rhombohedral Zr2Co11, and thus improves magnetic 
properties. Proper Zr addition refines the grain size of magnetic phases. As a result, the 
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volume fraction of exchange-coupled soft phases increases. Therefore, coercivity and en-
ergy product are significantly enhanced. The maximum energy product, comparable to 
cast alnico magnets, is obtained for x = 18. This material has α and β values of −0.05% K−1 
between 100 and 380 K, which are much lower than that of sintered Nd2Fe14B magnets. The 
properties reported above are for a granular material with random anisotropy axes. If 
alignment of these axes can be achieved, the resulting energy product can be enhanced 
further. 
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